Extracellular ATP, ADP and GTP increased the intracellular free Ca2+ concentration ([Ca2+] 
INTRODUCTION
Extracellular ATP and related substances are released from several different types of cells, such as platelets and neurons. Extracellular ATP interacts with specific receptors (purinergic receptors) on the surface of many different cells and influences their biological processes [1] . In hepatocytes and perfused livers, the extracellular ATP stimulates glycogenolysis [2] [3] [4] [5] [6] [7] , gluconeogenesis [8] and ureagenesis [9] . These effects of extracellular ATP are suggested to be mediated by increases in the intracellular free Ca2+ concentration ([Ca2+] ,) through breakdown of phospholipids, generation of inositol trisphosphate and diacylglycerol [8, [10] [11] [12] [13] .
In the present study we measured the time course of change in [Ca2+]1 of isolated rat hepatocytes and the rate of gluconeogenesis that were stimulated by extracellular ATP. The rapid initial increase in [Ca2+]1 occurred in the peripheral region (not the central region) of the cell, and it was due to mobilization from intracellular Ca2+ pools. The rate of gluconeogenesis in the initial period also increased, indicating that the initial rise in the peripheral [Ca2+]1 is a very important event for triggering the gluconeogenesis.
MATERIALS AND METHODS

Preparation of isolated hepatocytes
Isolated hepatocytes were prepared by the method of Berry & Friend [14] with modifications [15] from 48 h-starved male rats of the Wistar strain, weighing 200-250 g. Cell viability, judged by Trypan Blue exclusion, was more than 90 %. Isolated hepatocytes were suspended in Krebs-Henseleit solution [16] supplemented with 2% (w/v) BSA (Fraction V). The suspension of cells was stored on ice with gentle shaking under an 02/CO2 (19:1) atmosphere and used within 6 h.
Fura-2 loading
Hepatocytes were preincubated in Krebs-Henseleit solution for 10 min at 37°C under 02/CO2 (19: 1) . Fura-2 loading was started by addition of 45 ,ul of 1 mM-fura-2 AM (solubilized in dimethyl sulphoxide) and 6 ,l of 25 % (w/v) Pluronic F127 (in dimethyl sulphoxide) to 6 ml of the hepatocyte suspension (3.3 x 106 cells/ml). The suspension was incubated for 30 min at 37 'C. The cells were then washed twice in the ice-cold solution and resuspended in 6 ml of Krebs-Henseleit solution containing 2 % BSA. The cell suspension was stored on ice until use. After loading, the intracellular fura-2 concentration was found to be 200-400 #M. The value was determined from the amount of fura-2 released from the cells after treatment with 0.1 % Triton X-l00. The autofluorescence of unloaded cells was less than 20 % of the signal of dye-loaded cells. The methods for preparation of fura-2-loaded hepatocytes and the measurement of fura-2-dependent fluorescence ratio were described in the 10 min. Then ATP, ADP or GTP was added to the medium for stimulation of glucose production. At predetermined times, the metabolic reaction was stopped by addition of HC104 to a final concentration of 4 % (w/v). Then the sample solution was centrifuged to remove insoluble material. The supernatant was neutralized with 2 M-K2CO3/0.58M-triethanolamine and used for assay of glucose. The dry weight of the cell suspension was determined for each preparation. A factor of 3.5 was used to convert the dry wt. into the wet wt. of cells [20] . Glucose was measured enzymically by the method of Bergmeyer et al. [21] . The amount of glucose produced in the preincubation process was subtracted from the total amount of synthesis.
Measurement of ATP hydrolysis of ecto-ATPase in hepatocyte suspension
The amount of ATP degradation by membrane-bound ecto-ATPase was measured. Hepatocytes at various cell populations were preincubated for 5 nin under the same conditions as described above, and then 100 4M-ATP was added. After 3 min, the cell was separated by centrifugation and the metabolic reaction in the supernatant was rapidly stopped by the addition of HC104 to a final concentration of 4%. Vol. 283 
ATP degradation by ecto-ATPase
It was previously reported that extracellular ATP is hydrolysed by ecto-ATPase in the hepatocyte plasma membrane [23, 24] . We measured degradation of extracellular ATP by ecto-ATPase of isolated hepatocytes (Fig. 3 ). Fig. 3 shows the remaining amount of ATP in the cell suspension after a 3 min incubation as a function of cell density in the medium. Its initial ATP concentration was 100 ItM. In this report, we used three different cell densities, about 0.37 mg dry wt./ml for measuring [Ca2l] , in cell suspensions, 0.03 mg dry wt./ml for measuring [Ca2+]1 in single cells and about 4.3 mg dry wt./ml for measuring glucose production. In the experiments at 100 ,tM-ATP (Figs. 1, 5 and 6 ), the actual ATP concentration in the cell suspension after the 3 min incubation is speculated to be 85-90% of the initial value, and this decrease in the ATP concentration may have not induced significant errors in the results. When the initial ATP concentration is less than 100 /ZM, a substantial amount of ATP may be degraded. Similarly, ADP and GTP may also be degraded by ecto-nucleotidases. Therefore, the results shown in Fig. 2 measured at 1 ,UM and 10 #M nucleotides may include some error. Fig. 2 , indicating that the results in Fig. 2 prestimulated value within 60 s (Fig. 6a) . When 100 1M-ATP was added to the cells in the presence of 100 uM-LaCI,, the initial transient increase was not affected by La" (in the presence of 1.3 mM-Ca24) (Fig. 6b) The distribution of the intracellular Ca'4 in single hepatocytes was obtained by measuring the fluorescence intensity of fura-2 under a microscope. Fig. 7(a) shows a bright-field (Fig. 7c) (7 s after stimulation) . After 30 s, the free [Ca"+] decreased to a level that is higher than the control, and the distribution became homogeneous throughout the cell, except the region of the nucleus (Fig. 7d). Figs. 7(e)-7(g) To study the relationship between [Ca2+] changes and the stimulation of gluconeogenesis from glutamine, we measured glucose formation stimulated by 100 ,tM-ATP. Fig. 9 shows the time course of ATP-stimulated glucose production, which is calculated as the difference between glucose productions measured in the presence and absence of 100 /sM-ATP. The production showed two components, i.e. the initial fast component (up to about 60 s) and the subsequent component. The presence or absence of extracellular 1.3 mM-Ca2+ did not give any difference in the initial glucose production. This component corresponded to the transient rise in [Ca2+] ,. The rate of gluconeogenesis of the subsequent component in the absence of extracellular Ca2+ was smaller than that in the presence of extracellular Ca2l. In these expenrments, the cell population was about 4.3 mg dry wt./ml. Under the conditions, the ecto-ATPase degraded about 75 % ofextracellular ATP in the period of 3 min.
The amount of glucose production owing to breakdown of glycogen which may still be present in small amounts in livers from 48 h-starved rats was measured in the absence of glutamine and in the presence of Ca2l, and the ATP effect was found to be about 0.04,umol/min per g wet wt. This effect is included in the cumulative glucose production shown in Fig. 9 , although the contribution of glycogenolysis was less than 10-20 % of the total ATP effect measured in the presence of glutamine.
DISCUSSION
Extracellular ATP initially mobilizes Ca24 from the intracellular pools and then induces Ca2+ influx from the extracellular medium (Fig. 1 ). An inorganic Ca2+-channel blocker, La'+, preferentially abolished the plateau level of [Ca2+], but not the initial transient increase (Fig. 6) . The Ca2+ entry activated by ATP was not blocked by the voltage-dependent Ca2+-channel blockers 100,uM-diltiazem, 10 cM-verapamil or 5,uM-nifedipine (results not shown), indicating that the Ca2+ entry is through the La3+-sensitive voltage-insensitive channel in the plasma membrane. Moreover, the La3+-sensitive Ca2+ channel was not involved in the maintenance of [Call+] in the resting state of cells, since the control value was not affected by the addition of La3+ (Fig. 6b) .
We examined the source of the initial rapid Ca2+ increase mediated by P2-purinergic stimulation in hepatocytes. In the experiments, we used several drugs. Caffeine causes Ca2+-induced Ca2+ release from the sarcoplasmic (SR) and endoplasmic reticulum (ER) and finally depletes the stored Ca2+ in many cell species [29] . Oxalate is assumed to inhibit Ca2+ release by stimulating Ca2+ uptake by SR and ER [30] . Dantrolene sodium is known to inhibit Ca2+ releases from SR and ER by trapping Ca2+ [28] . The present rapid increases in [Ca2+] , by ATP, ADP and GTP were preferentially suppressed by these inhibitors ( Table 1 ), indicating that these P2-purinergic agonists activate Ca2+ efflux from the ER.
In the present study, digital imaging fluorescence microscopy of fura-2-loaded hepatocytes was also used to examine changes in the distribution of [Ca2+]1 in single cells in response to receptor activation by P2-purinergic agonists.
The initial rapid increase in [Ca2+]1 by ATP was greater in the peripheral parts than the central parts of the cell. Similar changes in [Ca2+]1 were also caused by vasopressin (Fig. 7) and phenylephrine. The initial rise in [Ca2+]1 in the periphery of the cell could not be localized to a specific region of the periphery. This might be due to loss of asymmetric metabolic functions and functional depolarization of hepatocytes during isolation and storage [33] . (up to 60 s), the rate of glucose syntheses was fast (about 0.70,umol/min per g wet wt). The rate in the second phase in the presence of extracellular Ca2+ was slow (about 0.1 smol/min per g wet wt.). ( 2) The first phase of glucose syntheses did not depend on the presence or absence of extracellular Ca2+ (Fig. 9 ).
Corresponding to this fact, the rapid transient rise in [Ca2+1] did not depend on the extracellular Ca2+ (Fig. 5) . The second phase of glucose synthesis markedly slowed down in the absence of extracellular Ca2+. Therefore, gluconeogenesis from glutamine was triggered by the initial transient rise in [Ca2+] , even in the absence of extracellular Ca2 . It is suggested that both the initial transient rise in [Ca2+] , and the maintenance of the plateau level play important roles for hepatic gluconeogenesis.
Gluconeogenesis from glutamine includes multi-enzymic steps, and the initial event is an ammonia-activation of glutaminase. In the present study we did not determine what step is ratedetermining for glucose production under the present conditions.
If the rate-determining stepi is ammonia accumulation induced by ATP, simultaneous observation of the distribution of the intracellular pH in single hepatocytes together with the distribution of [Ca2+], will be an interesting future work.
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